Introduction
============

A combination of diagnostics (i.e., imaging) and treatment modalities in a single formulation is essential to establish a theranostic platform for imaging-guided photodynamic therapy (PDT) [@B1]-[@B6]. In PDT, light of a specific wavelength is used to activate PDT drugs (photosensitizer, PS), which are non-toxic without light, enabling them to generate reactive oxygen species (ROS) that target and eradicate malignant cells and tissues [@B7]. The inherent dual selectivity of PDT (i.e., localization of both light and PS at the diseased sites) enables a more precise spatiotemporal control of the noninvasive therapeutic action, as compared to that from other categories of treatment, such as chemotherapy and radiation [@B8]. Imaging-guided PDT is emerging as a prospective cancer treatment modality [@B1], allowing for the assessment of PS biodistribution including tumor delivery and uptake as well as body clearance [@B9]. In this regard, a fluorescent PS can serve as both a contrast agent in fluorescence imaging (FLI) and as a PDT agent, providing basis for FLI-guided PDT [@B10]. However, the downside of FLI is that it can only provide information about the superficial tissues [@B11], which hampers its potential application in imaging guided PDT.

On the other hand, X-ray computed tomography (CT) imaging is one of the most reliable medical imaging techniques, which is extensively used in clinics. It provides a powerful diagnostic tool, allowing for deep tissue or whole-body imaging and offering a high spatial resolution and capability of three-dimensional (3D) visualization of biological tissues with short imaging time [@B12]. The spatiotemporal CT scanners are constantly being improved owing to increased numbers of new detectors. When administered, clinical agents that efficiently absorb X-rays can strongly increase the CT imaging contrast at regions of interest.

A complementary combination of high spatial-resolution CT and high-sensitivity FLI has exhibited unbeatable advantages in cancer theranostics. An integrated microcomputed tomography (microCT) and fluorescence tomography (FT) system for small animal imaging has recently been reported [@B13]; the bimodal FL and CT imaging are becoming commercially available. Importantly, numerous studies on nanoformulations delivering bimodal (CT and FL) imaging have been performed for disease detection and treatment [@B12], [@B14]-[@B18]. The nanoplatforms for drug delivery have opened new avenues in development of a multifunctional and one-piece unified theranostic strategy [@B1], [@B3], [@B13], [@B14], including the imaging-guided delivery of PSs for PDT [@B15]. In this regard, the conjunction of a CT imaging contrast agent (CTIA) with a PS might significant potential in anticancer theranostics, as it combines FLI-guided PDT with the 3D imaging capability of CT for localizing the distribution of theranostic agents throughout the body and for visualizing tumor and treatment outputs. However, although numerous nanoformulations for bimodal (CT and FL) imaging have been reported to date, only few studies combine CT/FL imaging and PDT. In particular, Lim and co-authors used the glycol chitosan (GC) conjugated with iodine atom-contained diatrizoic acid (DTA) and PS chlorin e6 (Ce6) to fabricate self-assembled biopolymeric nanoparticles [@B19]. Although these nanoparticles were shown to have potential for microCT and fluorescence imaging, as well as for PDT, the *in vivo* microCT imaging and PDT were not demonstrated.

One of the most promising drug delivery technologies in oncology research is the development and utilization of liposomes [@B11], [@B20], [@B21]. Presently various contrast and treatment agents have been encapsulated in liposomes for diagnostics, therapy, and preventive medicine [@B20]. Specifically, liposomal iodinated CT contrast agents exhibit long residence, very high attenuation, and no significant renal clearance [@B14], [@B22]. Meanwhile, the liposomal PS can also lead to more efficient PDT. Compared to the delivery of chemotherapy drugs, which need be released from the nanoparticles for treatment, the encapsulated PS does not need to be released, since the efficiency of PDT depends on the presence of generated ROS that can easily diffuse out of the nanoparticles [@B23], [@B24]. In 2000, the liposomal PS (verteporfin) formulation Visudyne® was approved by the U.S. Food and Drug Administration (FDA), and it became the first PDT agent approved for use in the clinical treatment of age-related macular degeneration (AMD) [@B25]. Recently Hasan\'s group has introduced a series of liposomal PSs as agents for PDT [@B20], [@B26], [@B27]. In particular, the co-encapsulating approach was utilized to combine verteporfin with a multikinase inhibitor to enhance the photodynamic efficiency through the release of the multikinase inhibitor inside the tumor simultaneously with PDT [@B28]. Importantly, in a VERTPAC-01 Phase I/II trial, the photochemical activation of Visudyne® within the tumor interstitium was performed under the guidance of CT [@B29]. The report highlighted that CT imaging can provide very useful information for guiding PDT.

In this study, nanoliposomes (NL) were used as delivery vehicles that co-encapsulated clinically approved iodinated CTIA iodixanol (Visipaque®) and a PS, meso-tetrakis(4-sulphonatophenyl) porphine (TPPS~4~), in the interior core to generate the multifunctional nanoformulation for concurrent CT and FL imaging-guided PDT. TPPS~4~ has been utilized as it is hydrophilic and can be co-encapsulated with iodixanol within the hydrophilic core of NL. PEGylated lipids are added to the lipid film to form the poly(ethyleneglycol)-modified (PEGylated) NL co-encapsulating iodixanol and TPPS~4~ (LIT). The LITs were comprehensively characterized to determine their size, morphology, and photophysical properties as well as their cellular uptake and photo- and dark-cytotoxicity. results showed that the co-encapsulation of PS and iodinated CTIA within LIT can cause enhanced singlet oxygen generation due to the intraparticle heavy atom (iodine) effect on the PS, which results in enhanced PDT efficacy of cancer cells *in vitro*. The biodistribution of LIT and tumor targeting ability in mice was assessed by *in vivo* CT/FL bimodal imaging. Owing to the PEGylation and other structure-related peculiarities, the prepared LITs were found to have an enhanced passive tumor uptake by the enhanced permeability and retention (EPR) effect [@B30], along with insignificant accumulation in the liver and other organs. The highly tumor-specific biodistribution of LIT was manifested by both FL and CT imaging, demonstrating the applicability of LITs as contrast agents for bimodal tumor imaging, along with a possibility of imaging- guided systemic delivery of therapeutics (e.g., PS) to the tumor. Importantly, PDT, which was performed with tumor-bearing mice intravenously (i.v.) injected with different TPPS~4~ formulations, revealed high efficacy of LIT. Our study demonstrates that LIT is a highly promising theranostic nanoformulation that allows for tumor-specific delivery and retainment of PS and CTIA for enhanced FL and CT bimodal imaging-guided PDT of cancer.

Results and Discussion
======================

Synthesis and characterization of LIT
-------------------------------------

LIT were fabricated by encapsulating a CT contrast agent (iodixanol) and a PS (TPPS~4~) in the sterically stabilized moderately cationic PEGylated liposomes (Figure [1](#F1){ref-type="fig"}A) produced with 1,2-dipalmitoyl- sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-3- trimethylammonium-propane (chloride salt) (DOTAP ), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine- N-\[amino(polyethylene, glycol)-2000\] (ammonium salt) (DSPE-PEG2000) and cholesterol, as described in the Methods. In the liposomes, cholesterol was added to the NL formulation to modulate membrane permeability and biological stability [@B31]. Meanwhile, DSPE-PEG2000 was doped in the lipid film to form the PEGylated liposomes. PEGylation can alter biodistribution, prolong circulation half-life, and avoid recognition and subsequent capture of the liposomes by the reticuloendothelial system (RES) [@B32]. In addition, NL with the same phospholipid composition containing only TPPS~4~ (LT) were prepared for the control experiments.

The prepared NL were further characterized by dynamic light scattering (DLS). The obtained characteristics (size, zeta-potential and, percentage of the loaded iodixanol and TPPS~4~) are listed in Table [1](#T1){ref-type="table"}. The averaged diameter of LT and LIT was found to be 111.0 nm and 117.1 nm, respectively. The close sizes of LT and LIT demonstrate that the co-encapsulation of iodixanol with TPPS~4~ in the interior aqueous core does not significantly affect liposome formation. This can also be evidenced by the NL size distribution: the diameter of the fabricated NL varies between 50 and 200 nm, with most of them in 90-120 nm range (Figure [S1](#SM0){ref-type="supplementary-material"}). This size is considered as appropriate for enhanced permeation through the leaky tumor vasculature [@B33]. The NL in our study are slightly cationic with a zeta potential above 10 mV (Table. [1](#T1){ref-type="table"}) due to the DOTAP in the lipid composition [@B34], which can enhance the NL stability and efficiency of drug delivery [@B35]. The transmission electron microscope (TEM) images (Figure [1](#F1){ref-type="fig"}B) illustrate the structure of NL with the size close to 150 nm, which is in the range determined by DLS. It can also be noted that the presence of the heavy atom (iodine)-rich CTIA within LIT results in higher TEM contrast for the interior core, as compared to LT nanoliposome without iodine (Figure [1](#F1){ref-type="fig"}B).

The absorption spectra of free TPPS~4~ (T), LT and LIT in PBS (pH=7.4) are presented in Figure [2](#F2){ref-type="fig"}A. All types of NL show a strong absorption maximum at 420 nm and two peaks at around 552 nm and 640 nm, which are characteristic for TPPS~4~. Correspondingly, TPPS~4~ in NL manifests fluorescence peaks at \~660 nm. It is worth noting that the TPPS~4~ emission from LT and LIT is almost identical although it is slightly different from the free TPPS~4~ fluorescence (Figure [2](#F2){ref-type="fig"}B).

The concentration of TPPS~4~ in LT and LIT was estimated using the known absorptivity (molar extinction coefficient, MEC) of TPPS~4~ in DMSO solution (Figure [S2](#SM0){ref-type="supplementary-material"}A). Liposomal formulations were dissolved in DMSO to break NL and release TPPS~4~, and then its absorption spectra were acquired and compared with those of free TPPS~4~ in DMSO.

The TPPS~4~ loading efficiency in NL was determined as a percentage of the PS encapsulated in the NL to the whole PS amount used for NL preparation. The results are listed in Table [1](#T1){ref-type="table"}. The TPPS~4~ loading efficiencies in LT and LIT were determined to be 72.7±1.5% and 67.1±6.2%, respectively. The similar loading efficiencies for LT and LIT suggest that the presence of CTIA does not significantly affect the encapsulation of TPPS~4~ in the hydrophilic core during the extrusion process. We also compared the leakage of the PS from NL at different storage conditions and found that the leakage was slow. At 4°C storage, the leakage of TPPS~4~ from LT and LIT is less than 5.0% after a one week storage period and less than 10.0% from both NL formulations after an extended storage period of 40 days (Figure [S3](#SM0){ref-type="supplementary-material"}A). Meanwhile, at more physiological conditions \[37 °C with 10% fetal bovine serum (FBS)\], the leakage of TPPS~4~ from LT and LIT increases and reaches \~45% (from the initial amount) after \~48 hours, and then it significantly slows down and remains up to 50% even after 240 hours (Figure [S3](#SM0){ref-type="supplementary-material"}B).

To calculate the concentration of iodixanol in LIT, the CT phantom images of iodixanol were acquired using its PBS dispersions at various concentrations. The CT intensity at the imaging area increases linearly with the increase in iodixanol concentration (Figure [S2](#SM0){ref-type="supplementary-material"}B). Using the linear dependence of CT values on the iodixanol concentration, we obtained the X-ray absorption/concentration dependence for free iodixanol. The CT values for iodixanol in NL were also measured, and the concentrations of iodixanol in NL were determined using the linear dependence for free iodixanol as a calibration curve. The iodixanol loading efficiency in liposomes was calculated as a ratio percentage between the concentration of iodixanol in the NL and the initial concentration of iodixanol used for the NL preparation. The iodixanol loading efficiency in LIT is about 63.5±3.8% (Table [1](#T1){ref-type="table"}). We also examin the leakage of CT contrast agents from the NL. At the storage conditions (4 °C), the leakage of iodixanol from LIT is around 3-4% for a one week storage period and increase to 8-9% with an extended storage period of 40 days post fabrication (Figure [S3](#SM0){ref-type="supplementary-material"}C). At physiological conditions, the leakage of iodixanol from LIT is up to \~45% at 96 hours and then strongly slows down, up to 50% after 240 hours (Figure [S3](#SM0){ref-type="supplementary-material"}D).

It should be noted that although the significant leakage from the NL is observed only at later time points, no significant changes in the size and zeta potential of NL (LT or LIT) are observed during 40 days at 4 °C (Figures S4A and B), indicating the excellent storage stability of NL. The polydispersity index (PDI) of LT or LIT is lower than 0.1 and does not noticeably change during storage, indicating the absence of aggregation (Figure [S4](#SM0){ref-type="supplementary-material"}C). For all the studies described henceforth, the NL are freshly prepared, characterized, and used within five days from preparation to ensure stability and consistency of the experiments.

Evaluation of singlet oxygen generation by LIT
----------------------------------------------

The ability of the PS to generate reactive oxygen species is a key factor in PDT [@B36]. Singlet oxygen is a main cytotoxic agent in PDT and the correlation between singlet oxygen generation during PDT and the post-PDT biological response has been demonstrated and reviewed extensively [@B37],[@B38]. Singlet oxygen is produced through the interaction between the long-lived triplet state of PS and molecular oxygen in the surroundings. Since the triplet electronic PS molecule is in an excited state as a result of intersystem crossing (ISC) from the photoexcited singlet electronic state of PS, the quantity of the generated singlet oxygen is dependent on the ISC efficiency [@B39]. The rate of ISC can be increased by enhancing the spin-orbit coupling when heavy atoms (e.g., iodine) are close enough to the pi-electron system of the PS (intraparticle heavy atom effect) [@B19], [@B39].

To examine the influence of iodinated CTIA on the PDT efficiency of TPPS~4~, the singlet oxygen generation by TPPS~4~ was first assessed using the water soluble anthracene derivative, 9, 10-anthracenediyl-bis(methylene)dimalonic acid (ABDA). When ABDA and singlet oxygen interact, the anthracene moiety undergoes a specific reaction to form a 9, 10-endoperoxide product. This singlet oxygen-specific reaction can be assessed spectrophotometrically by measuring the decrease in optical absorbance at 380 nm (the absorption peak of anthracene chromophore) [@B24], [@B40], [@B41]. The use of ABDA to detect and quantify singlet oxygen production through the decrease in the absorption at 380 nm has been reported [@B42]. As seen in Figures [3](#F3){ref-type="fig"}A, S5 and S6A, the ABDA absorption at 380 nm for different TPPS~4~ formulations decreases faster under 552 nm laser irradiation than under the 640 nm one, for the same laser power density of 50 mW cm^-2^. Since TPPS~4~ absorbs light stronger at 552 nm than at 640 nm (Figure [2](#F2){ref-type="fig"}A), these data confirm that the singlet oxygen production correlates with the absorption of TPPS~4~. Meanwhile, on assessing singlet oxygen-specific ABDA bleaching in different NL formulations that contain the same amount of TPPS~4~ under the same irradiation, we found that ABDA in an LIT water dispersion bleaches faster than in an LT dispersion (both for 552 nm and 640 nm laser irradiation), suggesting that LIT produces more singlet oxygen than LT.

To avoid the potential influence of ABDA on the singlet oxygen production by TPPS~4~, the singlet oxygen generation potential of TPPS~4~ was also directly evaluated by the singlet oxygen phosphorescence emission at 1270 nm [@B40], [@B43], [@B44]. Figure [3](#F3){ref-type="fig"}B shows time-resolved signals from the singlet oxygen phosphorescence produced by LT and LIT nanoformulations under laser excitation at 532 nm. As can be seen, LIT produces a significantly higher phosphorescence signal, which corresponds to the higher amount of singlet oxygen sensitized by TPPS~4~ within LIT. Although the comparison of singlet oxygen generation by LT and LIT has ruled out the possibility that the singlet oxygen production by TPPS~4~ is affected by liposomal bilayer rather than the presence of iodixanol, we have additionally inspected the effect of iodixanol on singlet oxygen generation by TPPS~4~ in solution (without liposomes). As shown in Figure [S6](#SM0){ref-type="supplementary-material"} in [Supplementary materials](#SM0){ref-type="supplementary-material"}, the presence of the iodixanol in the TPPS~4~ solution does result in enhanced singlet oxygen production. Consequently, taken together, the results of singlet oxygen measurements reveal that the presence of iodinated CTIA in NL can increase the singlet oxygen generation by the NL encapsulated TPPS~4~. Similar enhanced singlet oxygen generation has been demonstrated for other nanoformulations co-encapsulating iodinated molecules and PS. This enhancement is due to increased ISC rate in the PS molecule produced by the spin-orbit coupling enhanced by external iodine atoms (heavy atom effect) [@B19], [@B39], [@B45].

Internalization of LIT by cancer cells *in vitro*
-------------------------------------------------

The uptake of T, LT, and LIT by cancer cells *in vitro* was assessed using confocal microscopy and measurements of TPPS~4~ fluorescence signals from cells. Figure [4](#F4){ref-type="fig"}A shows merged confocal transmission/ fluorescence images of HeLa cells treated after 18 hours of incubation with T, IT, LT and LIT, where the fluorescence signal from TPPS~4~ is marked in red pseudocolor. The figure confirms that PS molecules in both free and liposomal formulations are internalized by cancer cells after 18 h incubation, similarly to the previously reported results [@B46]. Strauss *et al* have examined the intracellular fluorescence behavior of TPPS~4~ and discovered that it is mainly localized in the cell lysosomes [@B47]. Our imaging results show a comparable pattern of the intracellular localization for both free and liposomal TPPS~4~, suggesting that TPPS~4~ delivered with LT and LIT is localized inside cells in a similar way. However, it should be noted that the TPPS~4~ fluorescence signal from cells is more intense for liposomal nanoformulation (LT and LIT), suggesting that encapsulation in NL is favorable for internalization of TPPS~4~ by cancer cells *in vitro*. To validate this, we evaluated the uptakes of all TPPS~4~ formulations by measurements of the TPPS~4~ fluorescence from the collected and lysed cells. As shown in Figure [S7](#SM0){ref-type="supplementary-material"}, the fluorescence signal from the cells (which correlates with cellular uptake of TPPS~4~) increases during \~18 hours of incubation of cells with TPPS~4~ formulations. The intracellular fluorescence intensity of LT and LIT samples is very close to each other, indicating that uptake of TPPS~4~ is also very similar for these NL. Meanwhile, it is also significantly higher than the FL signal from free TPPS~4~ samples, indicating that TPPS~4~ in NL is internalized by the cells more efficiently than the free drug.

Evaluation of photo-toxicity and drugs toxicity
-----------------------------------------------

The cell viabilities were assessed with Cell Counting Kit-8 (CCK-8) 24 h after treatment with liposomal or free TPPS~4~. No cell death was observed under laser irradiation (15 J cm^-2^) at 552 nm or 640 nm (Figure [S8](#SM0){ref-type="supplementary-material"}A) for the control (untreated) groups. No significant dark toxicity was found for HeLa cells or 4T1 cells incubated with a high concentration (40 μM) of free or liposomal TPPS~4~ (Figure [S8](#SM0){ref-type="supplementary-material"}B).

The efficiency of PDT *in vitro* was also inspected; Figure [4](#F4){ref-type="fig"}B shows the post-PDT cell survival results under laser irradiation at 552 nm and 640 nm. First, the cell survival percentage in the free TPPS~4~ group was \~76% and 82% under laser irradiation at 552 nm and 640 nm, respectively. Second, PDT with combination of free TPPS~4~ and iodixanol resulted in 72% and 78% cell survival under laser irradiation at 552 nm and 640 nm. Such a small difference between the phototoxicity of free TPPS~4~ and TPPS~4~/iodixanol combination can be expected. Since the heavy atom effect arises from the interaction between pi-electron system of TPPS~4~ and iodixanol molecules (which can occur when molecules are in close proximity), it is unlikely that such proximity can be achieved inside cells for tolerable concentrations of free iodixanol and TPPS~4~, without initial co-localization within liposomes. Next, the LT group showed \~46% and \~57% cell survival percentage under 552 nm and 640 nm, respectively, indicating that the liposomal TPPS~4~ have higher PDT efficiency. This correlates with the higher cellular uptake of the liposomal TPPS~4~, which was shown by confocal microscopy and cellular uptake measurements. Finally, the cell survival percentage of the LIT group under laser irradiation at 552 nm and 640 nm was measured to be \~23% and \~37%, respectively. This means that LIT nanoformulations have a significantly higher ability to eradicate cancer cells compared with LT and T under the same irradiation. This increase in PDT efficiency cannot be caused by the increase in cellular uptake, as it is shown to be similar for LT and LIT. Thus, one can conclude that the NL-co-encapsulated iodinated CTIA significantly enhances the PDT efficiency of the TPPS~4~ delivered to cells within the NL, which correlates with the enhanced generation of singlet oxygen.

*In vivo* and *ex vivo* fluorescence imaging of LIT
---------------------------------------------------

To compare the *in vivo* FL imaging capability and tumor targeting ability of different formulations, free T, LT and LIT were respectively i.v. injected in BALB/c tumor-bearing mice. The results of the *in vivo* FL imaging are shown in Figures [5](#F5){ref-type="fig"}A and S9. The fluorescence images of the mice were taken at different time points post injection and merged with the corresponding high-resolution X-ray images taken at the same time point to serve as a background image. The fluorescence images manifestly demonstrate the feasibility to detect and image the spectrally distinguished fluorescence of TPPS~4~ (shown in red circle) in the LIT (Figure [5](#F5){ref-type="fig"}A) and LT (Figure [S9](#SM0){ref-type="supplementary-material"}B) injected groups. Figures [5](#F5){ref-type="fig"}A and S9B illustrate that enhanced FL signals from the liposomal formulations are detected in the tumor site at 24 and 96 hours post injection, whereas the images captured immediately after injection showed that the distinct fluorescence signal can be detected at the injection site (tail). In contrast, for the control (free TPPS~4~) group, no FL signal can be identified at 24 and 96 hours post injection, although it was visible at the tail injection site immediately after injection (Figure [S9](#SM0){ref-type="supplementary-material"}A). The FLI results indicated that liposomal TPPS~4~ can accumulate in the tumor over a longer time period (24-96 h post-injection), which can be attributed to the prolonged circulation time of the PEGylated liposomes [@B20],[@B48], and the related improvement of the passive tumor targeting due to the EPR effect [@B49].

Ninety six hours post injection of LIT and acquisition of the corresponding CT and FL imaging, the organs were resected and imaged immediately. The results of the *ex vivo* fluorescence imaging are shown in Figure [5](#F5){ref-type="fig"}B. The imaging results from the major organs validate that the LIT accumulates mainly in the tumor. The amount of FL signals observed in the kidney, liver, and spleen were significantly lower than that from the tumor, demonstrating a high efficiency of the passive tumor targeting with LIT. The relative amount of FL signal from the lungs and the heart was even lower. It should be noted that the liposomal formulation of TPPS~4~ has been reported to have higher efficiency in *in vivo* PDT in comparison with free TPPS~4~, and the results were attributed to the liposome-mediated delivery, which increases the PDT efficacy [@B50].

*In vivo* micro-CT imaging of LIT
---------------------------------

The accumulation of free iodixanol and LIT in both normal tissue and in mouse tumors were non-invasively investigated by CT imaging (Figure [6](#F6){ref-type="fig"}). The kidneys can be observed very quickly after the immediate imaging and the bladder is also visible 30 min after the mice are injected with the free iodixanol, illustrating its fast renal clearance. It is shown to be rapidly eliminated from the kidneys and bladder at 60 min, and no CT signal from iodixanol was detected after 24 h, suggesting that this kind of free CTIA is not suitable for time-lapse monitoring of specific organs and diseased sites.

Although the accumulation of iodixanol was not seen immediately after LIT injection, the tumor strikingly appeared in the CT image taken 30 min post-injection, indicating a burst in the uptake. The kidneys and bladder were visible at the 60 min point, suggesting that some iodixanol may have been released from the NL. However, no significant signal could be detected from the kidneys and bladder 24 h after injection. At the same time, the tumor tissue was brightly highlighted even after 96 h, demonstrating the major accumulation and retention of LIT in the malignant tissue. Such high tumor targeting efficiency and specificity of LIT distribution can be associated with the enhanced permeability in tumor vasculature along with slow clearance, which provides an adequate environment for accumulation and retention in the tumor bed [@B12]. It is worth noting that the iodine-containing, DTA-conjugated GC nanoparticles (similar to those reported by Kim\'s group [@B19]) were recently examined by Choi and co-authors as a novel type of nanoparticles for the CT/ultrasound bimodal imaging of tumor [@B51]. Meanwhile, the enhancement of CT contrast was found to be not significant. This is apparently associated with the limited amount of iodine-contained DTA moieties that can be conjugated within GC nanoparticles. In this context, our nanoplatform, which can be loaded with iodixanol molecules at high concentration, has the clear advantage.

*In vivo* phototherapy effect evaluation
----------------------------------------

To evaluate the PDT efficacy of LIT *in vivo*, the same amount of free or liposomal TPPS~4~ was i.v. injected in tumored mice, which were then exposed to 640 nm laser irradiation. The tumor growth results after treatment are shown in Figure [7](#F7){ref-type="fig"}A. In a remarkable contrast with other groups, a significant suppression of tumor growth was exhibited for the group of mice injected with LIT and then irradiated. The photographs of tumor-bearing mice receiving various treatments persuasively illustrate the striking difference between the tumors treated with PDT with LIT and other TPPS~4~ formulations (Figure [S10](#SM0){ref-type="supplementary-material"}). The enhanced PDT efficacy with LIT as PS indicates that the developed nanoliposomal formulation has highly promising potential for cancer treatment. The weight of mice showed no significant difference between various groups (Figure [7](#F7){ref-type="fig"}B), indicating that the treatment with TPPS~4~ formulations were well tolerated by the animals. In addition, to assess the *in vivo* toxicity, major organs (liver, lung, spleen, kidney, and heart) were excised from LIT-treated and control (PBS injected) mice at 7 days after i.v. injection and histopathological changes in the major organs were evaluated by hematoxylin and eosin (H&E) staininig. No pathological changes in H&E images were detected in the LIT treated group as compared to that from the control group (Figure [S11](#SM0){ref-type="supplementary-material"}), demonstrating that LIT formulation was safe at the utilized dose.

It should be noted that the similar intraparticle heavy-atom (iodine) effect on PS have been investigated by several groups. An encapsulation of the hydrophobic photosensitizer in iodine-concentrated nanoparticles (organically modified silica) to enhance the PDT efficacy through the intraparticle heavy-atom effect has been first reported by Prasad\'s group [@B39]. Following this, Kim\'s group developed DTA-conjugated GC nanoparticles and iodinated pluronic (F-127) nanoparticles encapsulating PS (Chlorine e6) to enhance PDT efficacy [@B19], [@B45]. Iodinated silica/ porphyrin hybrid nanoparticles were later described, which inhibited tumor growth *in vivo* under LED irradiation as a result of the iodine-enhanced PDT combined with photothermal therapy [@B52]. However, the CT imaging capability of reported iodinated nanoplatforms for PDT is very limited and no CT imaging guided PDT based on these nanoplatforms has been performed. It should also be noted that the clinical perspectives of all these reported nanoformulations are far from being visible, since their biocompatibility and biodegradability need be inspected in a time and cost consuming way. In contrast, our research utilizes the clinically approved CT imaging agent along with clinically acceptable liposomes and therapy agent (which can also be replaced with other water-soluble PS) to accomplish imaging guided cancer therapy. Furthermore, the molar ratio of different regents for our nanoplatform can be feasibly adjusted to achieve enhanced biomedical imaging and highly efficient PDT. The flexible, biocompatible and biodegradable nanoplatform based on clinically approved agents brings a strong promise for clinical cancer theranostics.

Conclusions
===========

The development in nanotechnology and multimodal biomedical imaging research have enabled us to introduce a new theranostic approach to enhance PDT of cancer, guided by CT and FL bimodal imaging. The NL co-encapsulating iodinated CTIA and PS have been designed with the goal to enhance PDT efficacy by the heavy atom effect of iodine, and to provide nanoformulations with CT and fluorescence imaging contrasts. The designed NL (LIT) are cationic PEGylated NL that have shown a significantly higher singlet oxygen yield and photodynamic efficiency (both *in vitro* and *in vivo*) than the PS in nanoliposomal formulation without CTIA. Furthermore, the fluorescence and X-ray absorption properties of LIT make it an efficient contrast agent for optical and CT tumor imaging and imaging-guided cancer PDT in small animals (mice). Since the clinically approved iodinated CTIA has been co-encapsulated with the commercially available PS within liposomes, which are the most popular clinically accepted class of nanosized drug delivery vehicles [@B20], LIT has a high potential for clinical translatability as a multifunctional theranostic agent. Our future work will involve evaluation of LIT based preclinical therapy to develop enhanced, multimodal imaging-guided PDT for cancer.

Materials and Methods
=====================

Materials
---------

DPPC, DSPE-PEG2000, DOTAP, cholesterol and polycarbonate membranes (100 nm pore size) were purchased from Avanti Polar Lipids Inc (Alabaster, AL). VISIPAQUE® (iodixanol injection) was obtained from GE Healthcare Ireland (Cork, Ireland). TPPS~4~ was purchased from Frontier Scientific (Logan, UT). ABDA, chloroform and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich (Saint Louis, MO). Float-A-Lyzer G2 dialysis device was obtained from Spectrum® Laboratories (Rancho Dominguez, CA). Phosphate-buffered saline (PBS, pH 7.4), fetal bovine serum (FBS), Dulbecco\'s Modified Eagle Medium (DMEM), Roswell Park Memorial Institute 1640 (RMPI 1640), trypsin-EDTA and penicillin- streptomycin were purchased from Gibco Life Technologies (AG, Switzerland). Solvable solubilizer was purchased from PerkinElmer (Waltham, MA). Cell Counting Kit-8 (CCK-8) was obtained from Dojindo (Kumamoto, Japan).

Synthesis of NL
---------------

DPPC, DSPE-PEG2000, DOTAP, and cholesterol at a molar ratio of 10:1:1:5 were mixed in chloroform and then the chloroform was evaporated by using a rotary evaporation system to make a thin lipid film. This film was hydrated with a solution containing 0.7 mL of 0.4 M iodixanol and 0.3 mL of 1.0 mM TPPS~4~ in PBS. The hydrated solution was then subjected to freeze-thaw cycles (4-45 °C) to encapsulate TPPS~4~ and iodixanol. The dispersions were extruded through polycarbonate membranes at 42 °C to form unilamellar vesicles. Non-encapsulated agents were separated from the LIT by using the Float-A-Lyzer G2 dialysis device at 4 °C. Liposomes containing TPPS~4~ alone (LT) were also prepared separately using the method described above.

Characterization of NL
----------------------

The absorption and fluorescence spectra were acquired using a spectrophotometer (LAMBDA 750 UV/VIS/NIR, PerkinElmer) and spectrofluorometer (Fluorolog-3, Horiba), respectively. The molar extincttion coefficient (MEC) of TPPS~4~ at 420 nm was determined according to the absorption and concentration standard curve of TPPS~4~. The concentration of TPPS~4~ in NL was calculated according to its MEC. Drug release at the storage or physiological conditions was monitored through dialysis in PBS at 4 °C or in PBS with 10% fetal bovine serum at 37 °C, respectively. The TPPS~4~ leaking out of the stored NL was measured by dialyzing free TPPS~4~ in the dialysis device at different time intervals. The residual concentration of PS inside the NL was determined by measuring its absorption spectrum after dialysis. The leakage of PS from the NL was estimated by subtracting the residual concentration from the original concentration. The CT image in the phantom study was acquired using micro CT (SuperArgus, Sedecal) with these imaging parameters: 300 μA of current, 50 KV of voltage, 33 μm of resolution, and 300 ms of exposure time. The residual concentration of iodixanol inside the NL was determined by measuring their CT intensity after the dialysis. The leakage of iodixanol from the NL was determined by subtracting the residual concentration from the original concentration.

The size, polydispersity index (PDI), and zeta potential of NL were estimated by the dynamic light scattering (DLS) using a particle size analyzer (Zetasizer Nano ZS, Malvern). The morphologies of liposomes were assessed using transmission electron microscopy (TEM). For NL to be imaged with TEM, 10 µL of NL solution was dropped onto the carbon support films stabilized with formvar and negatively stained using 2 µL 1% uranyl acetate. The carbon support films were air-dried and washed with 5 µL of pure water. The images were obtained by operating at an acceleration voltage of 100 kV on TEM (JEM-1230, JEOL).

Singlet oxygen measurements
---------------------------

Chemical oxidation of ABDA was utilized to characterize the singlet oxygen generation efficiency of free and liposomal PSs. ABDA is known to form the corresponding endoperoxide by singlet oxygen bleaching [@B53]. In this study, sample solutions with the same TPPS~4~ concentration (7.5 μM) were mixed with 0.06 mM ABDA in PBS. An absorbance decrease of ABDA at 380 nm was measured as a function of time on the LAMBDA 750 UV/Vis/NIR Spectrophotometer, under irradiation with a 552 nm or 640 nm diode laser (OBIS, Coherent). During experiments, all samples were added into quartz cuvettes with a 1 cm path length.

Singlet oxygen generation was also evaluated directly via its phosphorescence emission that peaked at 1270 nm [@B40], [@B44]. A Fluorolog-3 spectrofluorimeter attached with a spectrometer (iHR320, Horiba) for infrared range was employed to detect singlet oxygen emission. A singlet oxygen phosphorescence was detected by the thermoelectrically cooled NIR-PMT detector (H10330B-75, Hamamatsu) of the iHR320 spectrometer that was set to 1270 nm and singlet oxygen phosphorescence decays under pulsed laser excitation were directly recorded by the Digital Phosphor Oscilloscope (TDS 3034C, Tektronix) coupled to the output of the NIR PMT. The same TPPS~4~ concentration (0.2 mM) of sample suspensions were placed in a quartz cuvettes, which were excited by the nanosecond Nd:YAG pulsed laser at 532 nm (LS-2137, Lotis TII) with a 10 Hz repetition rate. The emission signal was detected at 90° relative to the excitation laser beam. Additional long pass (LP) filters (950 LP and 538 AELP, both from Omega Optical) were employed to attenuate the scattered light and fluorescence from the samples.

Cell culture and *in vitro* uptake of drugs
-------------------------------------------

HeLa and 4T1 cell lines were incubated in complete Dulbecco\'s Modified Eagle Medium (DMEM) and RPMI1640 (containing 10% (v/v) fetal bovine serum and 1% (v/v) 5000 I.U. per mL penicillin/ streptomycin) at 37 °C in a 5% CO~2~ incubator.

To compare the cellular uptake of TPPS~4~ in different formulations, 1 mL of DMEM containing 10 μM of free or liposomal TPPS~4~ was added to the cells in the 35 mm cell culture dishes under low-light conditions (to avoid photosensitization of the cells or photobleaching of the PS). The cells were incubated with PS-contained media for time intervals ranging from 0 to 24 h. Every group was tested in four-fold replicates. At every time point, the medium was removed and cell dishes were rinsed with PBS three times. The 0.5 mL of aqueous-based tissue solubilizer (Solvable from PerkinElmer) was then added to dishes to lyse the cells. After the cells were completely lysed, the solutions were removed from the dishes and their fluorescence spectra in the 600-800 nm range were measured by a Fluorolog-3 spectrofluorimeter, using excitation light at the wavelength of 420 nm. After obtaining spectra, the areas under fluorescence curves were integrated for every sample to evaluate the amount of TPPS~4~ taken by the cells. All experiments were repeated at least three times.

For visualization of PS cellular uptake with confocal microscopy, HeLa cells were cultured in 35 mm cell culture dishes with glass bottoms (NEST, Jiangsu, China) over night at \~50% confluency, 1 mL complete DMEM containing 10 μM of the different formulations of TPPS~4~ (i.e., free TPPS~4~, free TPPS4 and iodixanol, LT or LIT) was added to the cell culture dishes and incubated for 18 h. Post incubation, cells were rinsed three times by washing in PBS and then DMEM was added. Immediately after this, the confocal fluorescence images were obtained by using a laser scanning confocal microscope (TCS SP2, Leica).

*In vitro* cytotoxicity assay
-----------------------------

Cytotoxicity of different PS formulations were assessed using the commercial CCK-8 cell viability test. CCK-8 kits contain a water-soluble tetrazolium salt (WST-8) that can be reduced to a yellow colored formazan dye by dehydrogenase activity [@B54]. Firstly, HeLa and 4T1 cells were diluted to a cell density of 10^5^ cells/mL and seeded in 96 well cell culture plates (100 μL per well). The cells were maintained at 37 °C in a 5% CO~2~ cell incubator for 24 h. Then, the old media was discarded and 100 μL of fresh culture medium containing 10 μM free or liposomal TPPS~4~ was added and the cells were incubated in the dark for 18 h. After incubation, the cells were rinsed with PBS. Thereafter, 100 μL of fresh culture medium was added to every well of the 96 wells cell culture plates. For the laser irradiation groups, cells were irradiated with a custom laser irradiation system. Light was delivered by 552 nm or 640 nm fiber-coupled diode lasers (OBIS, Coherent) with 50 mW**۰**cm^-2^ laser power density. All the cell plates were then maintained for 24 h at 37 °C in a 5% CO~2~ cell incubator. The next day, all the wells in the cell culture plates were refed with 100 μL completed cell culture medium containing 10 μL CCK-8 solution. Cell survival was estimated by the absorption of every well at 450 nm using a multimode microplate reader (Spark®, Tecan). Four replicates for each group were run. The same cytotoxicity experiment was repeated separately three times. Dark toxicity of the PS and control groups were assessed in the same manner, excluding laser irradiation.

*In vivo* tumor implantation
----------------------------

All animal experiments were approved by the Institutional Research Animal Care and Use Committee of the University of Macau. The female BALB/c nude mice (Source: The Jackson Laboratory, USA) were bred under dark and aseptic conditions in a small animal facility. Tumor implantations was prepared by subcutaneously injecting 50 µL PBS (containing 10^7^ HeLa cells) above the hind leg.

Histological analysis
---------------------

For the assessment of *in vivo* toxicity, major organs (heart, liver, spleen, lungs, and kidneys) were excised from the mice injected with LIT or PBS (control group) at 7 days post injection, fixed in 4% formalin, and then embedded in paraffin. Subsequently, the sliced organs were stained by Hematoxylin and Eosin (H&E) and imaged under a light microscope (Ts2, Nikon).

*In vivo* and *ex vivo* fluorescence imaging
--------------------------------------------

Before fluorescence imaging, 0.2 mL of the different reagents (all contained 0.16 mg**۰**kg^-1^ TPPS~4~) were injected through the tail vein. All mice were anesthetized by isoflurane. The biodistribution of different reagents were investigated by fluorescence imaging at different time points after drug injection. The mice were sacrificed after 96 h. Major organs and tumors were immediately extracted and imaged. The distribution of TPPS~4~ in major organs and in the tumors was assessed *ex vivo*. *In vivo* and *ex vivo* fluorescence images were acquired using a preclinical optical/X-ray imaging system (*In vivo* Xtreme, Bruker) by using 420 nm as the excitation filter (band-pass ±10 nm) and 700 nm as the emission filter (band-pass ± 17.5 nm).

*In vivo* CT imaging
--------------------

Two hundred microliters of free iodixanol at the same iodine concentration (1.1 g**۰**Kg ^-1^) or LIT was injected through the tail vein. All the imaging groups were anesthetized by isoflurane and imaged by a preclinical CT System (SuperArgus, Sedecal). Imaging parameters were as follows: 50 KV, 300 μA, 33 μm of resolution, and 39 ms of exposure time. The Amide software (version 1.0.4) was utilized to obtain the three-dimensional (3-D) reconstructed images of the mouse.

*In vivo* photodynamic therapy
------------------------------

When tumor volumes reached ∼50 mm^3^, 0.2 mL of free or liposomal TPPS~4~ in PBS (all the injections contained 0.16 mg**۰**kg^-1^ TPPS~4~) were administered intravenously (tail vein). All mice were randomly divided into no treatment groups and irradiation treatment groups (5 mice in every group). The tumors of the mice in the irradiation groups were irradiated with a 640 nm laser (60 J**۰**cm^-2^) 24 h post injection. After PDT treatment, the tumor volumes and animal weights were measured every three days.

Statistical analysis
--------------------

The measurement experiments were repeated at least three times. The data were expressed in mean ± standard error of the mean (SEM) or standard deviation (SD). The statistically significant differences amongst different groups were evaluated by a Student\'s *t*-test. A p-value less than 0.05 was considered significant.
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^1^O~2~

:   singlet oxygen

ABDA

:   9, 10-Anthracenediyl-bis(methylene)dimalonic acid

CCK-8

:   Cell Counting Kit-8

CT

:   computed tomography

CTIA

:   CT imaging contrast agent

DLS

:   dynamic light scattering

DMEM

:   Dulbecco\'s modified eagle\'s medium

DMSO

:   dimethyl sulfoxide

DOTAP

:   1,2-dioleoyl-3-trimethylammonium-propane (chloride salt)

DPPC

:   1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DSPE-PEG2000

:   1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[amino(polyethylene, glycol)-2000\] (ammonium salt)

FBS

:   fetal bovine serum

FL

:   Fluorescence

LIT

:   NL co-encapsulation of iodixanol and TPPS~4~

MEC

:   molar extinction coefficient

NL

:   nanoliposomes

PBS

:   Phosphate-buffered saline

PDI

:   polydispersity index

PDT

:   photodynamic therapy

PS

:   photosensitizer

RMPI 1640

:   Roswell Park Memorial Institute 1640

ROS

:   reactive oxygen species

TPPS~4~

:   meso-tetrakis (4-sulphonatophenyl) porphine.

![(A) The schematic diagram illustrating nanoliposomes co-encapsulating the CTIA and PS. (B) Transmission electron microscopy (TEM) images of TPPS~4~ in NL (LT) and NL co-encapsulating iodixanol and TPPS~4~ (LIT).](thnov09p1323g001){#F1}

![(A) Absorption spectra of free TPPS~4~ (T), TPPS~4~ in NL (LT), and NL co-encapsulating iodixanol and TPPS~4~ (LIT) in PBS. (B) Fluorescence spectra of T, LT, and LIT in PBS. Ex=420 nm.](thnov09p1323g002){#F2}

![(A) Comparison of ABDA bleaching as a measure of the singlet oxygen generation in LT dispersion (LTA) and LIT dispersion (LITA). (B) Decays of singlet oxygen phosphorescence at 1270 nm illustrating the singlet oxygen generation by LT and LIT.](thnov09p1323g003){#F3}

![*In vitro* cellular uptake and PDT of HeLa cells treated with free TPPS~4~ (T), free iodixanol and TPPS~4~ (IT), TPPS~4~ in NL (LT), and NL co-encapsulating iodixanol and TPPS~4~ (LIT). (A) Cellular internalization of TPPS~4~ after 18 h incubation with T, IT, LT, or LIT. Images merging the transmission and fluorescence confocal channels are shown. Fluorescence of TPPS~4~ (red pseudocolor) was excited by a 543 nm laser. (B) HeLa cells survival one day post-PDT. The dark bars indicate 552 nm laser irradiation and the light ones indicate 640 nm laser irradiation at the same irradiation dose (15 J cm^-2^). (\*\*p\< 0.01 compared with T, IT and LT at the same laser irradiation dose).](thnov09p1323g004){#F4}

![(A) Photography and X-ray/fluorescence (X-ray/FL) images of a nude mouse with a tumor at various time points (2, 24, and 96 h) post injection with NL co-encapsulating iodixanol and TPPS~4~ (LIT). Red circles indicate the tumor tissue. (B) Photography and fluorescence images of the major organs resected from mouse 96 h post-injection.](thnov09p1323g005){#F5}

![Three dimensional volume-rendered images of the nude mice bearing HeLa tumor xenografts and injected with free iodixanol or NL-co-encapsulated iodixanol and TPPS~4~ (LIT) into the tail vein. Arrows indicate the location of the tumor.](thnov09p1323g006){#F6}

![*In vivo* PDT using T, LT, and LIT on HeLa tumor xenografts. (A) The growth of xenograft tumors in different groups (n = 5). (\*\*p \< 0.01 compared with other groups on the same day). (B) Body weight change in mice under different treatments 18 days after injection.](thnov09p1323g007){#F7}

###### 

Nanoliposome size, zeta-potential, loading percentage of TPPS~4~ and iodixanol.

  ---------------------------------------------------------------------------
  NL    Size\       Zeta potential\   TPPS~4~ loading\   Iodixanol loading\
        (nm)        (mV)              (%)                (%)
  ----- ----------- ----------------- ------------------ --------------------
  LT    111.0±0.6   16.0±0.1          72.7±1.5           0

  LIT   117.1±0.7   13.5±0.4          67.1±6.2           63.5±3.8
  ---------------------------------------------------------------------------

NL - nanoliposomes; LT - nanoliposomes encapsulating TPPS~4~; LIT - nanoliposomes co-encapsulating iodixanol and TPPS~4~.
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